In Bacillus megaterium, the synthesis of vitamin B 12 (cobalamin) and sirohaem diverges at sirohydrochlorin along the branched modified tetrapyrrole biosynthetic pathway. This key intermediate is made by the action of SirC, a precorrin-2 dehydrogenase that requires NAD + as a cofactor. The structure of SirC has now been solved by X-ray crystallography to 2.8 Å (1 Å = 0.1 nm) resolution. The protein is shown to consist of three domains and has a similar topology to the multifunctional sirohaem synthases Met8p and the N-terminal region of CysG, both of which catalyse not only the dehydrogenation of precorrin-2 but also the ferrochelation of sirohydrochlorin to give sirohaem. Guided by the structure, in the present study a number of active-site residues within SirC were investigated by site-directed mutagenesis. No active-site general base was identified, although surprisingly some of the resulting protein variants were found to have significantly enhanced catalytic activity. Unexpectedly, SirC was found to bind metal ions such as cobalt and copper, and to bind them in an identical fashion with that observed in Met8p. It is suggested that SirC may have evolved from a Met8p-like protein by loss of its chelatase activity. It is proposed that the ability of SirC to act as a single monofunctional enzyme, in conjunction with an independent chelatase, may provide greater control over the intermediate at this branchpoint in the synthesis of sirohaem and cobalamin.
INTRODUCTION
Sirohaem is a modified tetrapyrrole that is required as a prosthetic group in the six-electron reduction of both sulfite and nitrite [1] [2] [3] [4] . As with all modified tetrapyrroles, sirohaem is synthesized via a branched biosynthetic pathway that also oversees the construction of molecules such as haem and cobalamin (vitamin B 12 ) [5, 6] . The first macrocyclic and branchpoint precursor in the pathway is uroporphyrinogen III. In the Bacilli, sirohaem is synthesized from uroporphyrinogen III in three steps ( Figure 1 ) [7, 8] . This transformation is initiated by the addition of two SAM (S-adenosyl-L-methionine)-derived methyl groups to positions 2 and 7 of the uroporphyrinogen III framework in a reaction catalysed by SirA (S-adenosyl-L-methionine uroporphyrinogen III methyltransferase; also known as SUMT, EC 2.1.1.107) to generate precorrin-2 [8] . Subsequently, this highly unstable dipyrrocorphin [9] is dehydrogenated by SirC (precorrin-2 dehydrogenase; EC 1.3.1.76) in an NAD + -dependent process to yield sirohydrochlorin [8] . Finally, ferrochelation by SirB (sirohydrochlorin ferrochelatase; EC 4.99.1.4) yields the end product sirohaem [8] , which is duly incorporated into either the appropriate assimilatory sulfite or nitrite reductase.
Sirohydrochlorin also acts as an intermediate in cobalamin biosynthesis, where cobalt insertion by enzymes such as CbiK [10, 11] or CbiX [5, 12] ensures that the intermediate is further manipulated along the anaerobic cobalamin biosynthesis branch of the pathway (Figure 1 ) [5] . In this respect, SirC plays an important role in both sirohaem and cobalamin biosynthesis [8] .
In Saccharomyces cerevisiae, the transformation of uroporphyrinogen III into sirohaem requires just two enzymes, a methyltransferase (Metlp) for the synthesis of precorrin-2, and a bifunctional dehydrogenase/ferrochelatase (Met8p) (Figure 1 ) [13, 14] . The sequence of the bifunctional Met8p displays similarity to the monofunctional SirC and thus Met8p would appear to be a dehydrogenase that has acquired chelatase activity [8] . Met8p has been crystallized and the structure of the enzyme solved to 2.2 Å (1 Å = 0.1 nm) resolution [15] , revealing that the protein adopts a novel fold that bears no resemblance to the previously determined structures of cobalto- [10, 16] or ferro-chelatases [17, 18] . Analysis of mutant variants of Met8p suggests that the catalytic activities are accommodated within a single active site, and that Asp 141 plays an essential role in both dehydrogenase and chelatase processes [15] .
In some bacteria, the transformation of uroporphyrinogen III into sirohaem is mediated by a single multifunctional enzyme called CysG (Figure 1 ) [19, 20] . In effect, CysG represents a fusion between a uroporphyrinogen III methyltransferase and a bifunctional dehydrogenase/ferrochelatase (such as Met8p). This interpretation has been confirmed by gene dissection and mutagenesis experiments that indicate that the N-terminal 200 amino acids of CysG house the dehydrogenase/ferrochelatase functionality, whereas the C-terminal 257 amino acids mediate the methyltransferase activity [21] . It has been assumed that the bifunctional catalytic activities found associated with Met8p and the N-terminal region of CysG have arisen by acquisition of metal binding and metal insertion activity into the preexisting framework of the dehydrogenase [8] . The previous
Figure 1 Transformation of uroporphyrinogen III into sirohaem and cobalamin
For sirohaem synthesis, three steps are involved. First, uroporphyrinogen III is methylated at positions 2 and 7 to yield precorrin-2, then this is oxidized to give sirohydrochlorin and finally iron insertion yields sirohaem. These steps are either catalysed by individual enzymes (e.g. SirA, SirB and SirC, as depicted by the three arrows), or by two enzymes (e.g. Met1p and Met8p, as depicted by the two arrows) or by a single multifunctional enzyme (e.g. CysG, the one large arrow). In the structures A=acetate side chain and P=propionate side chain.
structure elucidation of CysG also revealed that the enzyme is a phosphoprotein, where phosphorylation of Ser 220 appears to control the activity of the enzyme [22] . A driving force for the appearance of the multifunctional enzymes could be to direct substrate channelling along a particular branch of the pathway. This would explain why Bacilli have separate enzymes for the sirohaem branch, since it allows sirohydrochlorin to be used not only for sirohaem synthesis but also for cobalamin production. In the present study we report on the structure and function of the Bacillus megaterium SirC, an NAD + -dependent precorrin-2 dehydrogenase, and compare it with the structure of Met8p, which is both a dehydrogenase and sirohydrochlorin ferrochelatase. In contrast with the previous idea that Met8p may have arisen from a precorrin-2 dehydrogenase by acquisition of chelatase activity, we suggest that SirC is more likely to have evolved from a protein such as Met8p by loss of its chelatase activity.
EXPERIMENTAL

Chemicals and reagents
Chemicals and reagents were purchased from Sigma-Aldrich unless otherwise stated. Bacterial strains were purchased from Novagen, Invitrogen or Promega.
Protein purification
SirC was produced recombinantly in Escherichia coli as described previously [8] . Briefly, sirC was cloned into pET14b and transformed into BL21(DE3)pLysS(codon+) cells. Upon induction with 0.4 mM IPTG (isopropyl β-D-thiogalactoside), SirC was produced with a N-terminal His 6 (hexa-histidine) tag. The protein was purified using a Ni 2+ -chelating column followed by dialysis into 20 mM sodium citrate (pH 6.5), 100 mM NaCl and 1 mM DTT (dithiothreitol) and size-exclusion chromatography. Met8p was purified as described previously [15] .
Mutagenesis
The SirC mutants N98A, S101A, S101D, S102A, D105A and S124A were generated using the Stratagene site-directed mutagenesis QuikChange ® kit following the manufacturer's protocol.
Precorrin-2 dehydrogenase assay
The precorrin-2 dehydrogenase assay was performed as described previously [15] . Briefly, activity was monitored by incubating 2.5 μM precorrin-2 with 10 μg of SirC in a reaction volume of 1 ml with 7.5 mM NAD + in 0.05 M Tris buffer (pH 8.0) containing 0.1 M NaCl. Sirohydrochlorin was monitored by the appearance of an absorption peak at 376 nm. Initial rates were recorded on a Hewlett Packard 8452A photodiode array spectrophotometer and assays were performed in triplicate.
Crystallization
The protein was concentrated to 8 mg/ml for crystallization trials. Crystals of SirC were grown using the vapour-diffusion method using a hanging drop containing 2 μl of protein (8-10 mg/ml) and 2 μl of well solution comprising 2.3 M (NH 3 ) 4 SO 4 , 0.1 M Mes and 0.5-5 mM LiCl (pH 6.0). Potassium tetrachloroplatinate(II) and thimerisol derivatives were generated by soaking crystals for 5-10 min with 1 mM concentrations of metal compound in the well solution. All crystals were cryoprotected by elevating the solution around the crystal to 4 M (NH 3 ) 4 SO 4 (7) GOL (1) 57.9
plus buffer and salt. All data were collected on a copper rotating anode X-ray source using CuKα radiation at 1.54 Å (4.5 kW, 100 mA), and processed with the HKL2000 suite [23] .
Structure determination
The structure was determined to 2.8 Å by multiple isomorphous replacement with anomalous scattering using K 2 PtCl 4 and thimerisol derivatives [24] (Table 1) . Solvent flattening (solvent content of 50 %) in RESOLVE [25] and subsequent automated model building generated a starting model. The model building was finished using the programs O [26] , Coot [27] and CCP4 [28] . Refinement in REFMAC [29] using TLS [30] restraints generated a final model with an R factor = 19.5 % and R free = 26.3 %.
EPR
To produce samples of SirC for EPR spectroscopy, the protein was purified by metal-chelate chromatography and cleaved by thrombin to remove the His 6 -tag. The protein was purified further by size-exclusion chromatography, as described above. The protein was taken into an anaerobic environment and exchanged into degassed buffer containing 50 mM Hepes (pH 8.0). The protein concentration was calculated as 47 μM on the basis of absorbance at 280 nm, from which EPR samples were generated containing 1:1 ratios of protein to Cu(II) or Co(II). The samples were sealed and frozen in liquid nitrogen. EPR spectra were obtained using a Bruker ELEXSYS E500/580 EPR spectrometer operating at X-band. Temperature control was effected using Oxford Instruments ESR900 and ESR935 cryostats interfaced with an ITC503 temperature controller. Experimental conditions were as given in the relevant Figure captions.
RESULTS AND DISCUSSION
Structure of SirC
The crystal structure of His 6 -tagged Bacillus megaterium SirC was determined by isomorphous replacement with anomalous scattering, and refined to R/R free values of 19.5/26.3 with good geometry (Table 1 ). The SirC structure comprises three domains: an N-terminal NAD + -binding domain, a central dimerization domain and a C-terminal helical domain of unknown function ( Figure 2 ). The structure resembles both the yeast sirohaem synthase, Met8p (PDB code: 1KYQ), with which it shares 11 % identity, and the Salmonella enterica CysG (PDB code: 1PJS), with which it shares 25 % sequence identity over the N-terminal region of the protein. SirC is the smallest of these three enzymes by virtue of its shorter loops and secondary structure elements. All three of the proteins are homodimers, in which the three domains cross each other in the form of an 'X' along a 2-fold axis of symmetry. The orientation of the paired NAD + -domains is almost perpendicular to that of the paired helical domains.
Optimized alignments between dimeric SirC, CysG and Met8p over their first ∼190 residues gives rmsds (root mean square deviations) of 3.0-4.8 Å, with the two bacterial proteins aligning more closely with each other than with the yeast Met8p structure. If NAD + -binding domains alone are aligned, the rmsd between CysG and SirC is 1.1 Å over 100 Cα's. When monomers from each structure are aligned on their NAD + -binding domains, a significant relative twist in the orientation of the C-terminal helical domains is revealed ( Figure 3 ). The structural deviation begins immediately after the NAD + -binding domain where the β-strands in the dimerization domain twist with respect to the 2-fold axis of the homodimer but also a tilt away from the central core of the dimer.
Dehydrogenase active site
The NAD + -dependent dehydrogenase active site lies between the NAD + domain and the dimerization domain. The NAD + -binding site is empty in the SirC structure, although the high level of similarity with other NAD + -binding domains [31] and with the NAD + -bound structures of Met8p and CysG facilitates the modelling of an NAD + molecule to SirC (Figure 4 ). Canonical NAD + -binding domains contain two Rossmann folds where the adenosine portion of the NAD + binds above the first β-strand, the phosphates sit on top of an invariant Gly-Gly-Gly sequence, and the nicotinamide portion of the coenzyme points toward the active-site cleft. The NAD + -bound structures of Met8p and CysG have poorly defined electron density for the nicotinamide portion of the ligand, which is seen to adopt a variety of conformations in other related structures. We are therefore reasonably confident about the model presented here for the SirC-bound NAD + adenine and phosphates, but more tentative in our suggestion that the nicotinamide resembles that of the Met8p-bound NAD + and forms an edge of the putative active-site cleft, rather than that of the CysG-NAD + where the β-nicotinamide is located further away from the cleft.
A comparison of precorrin-2 dehydrogenase primary sequences from 18 species, all with greater than 55 % identity with B. megaterium SirC, provides a list of nine invariant residues (results not shown). Owing to the low overall sequence similarity, a combination of structure-based and amino acid sequence-based alignments is necessary to obtain an accurate alignment of SirC, Met8p and CysG ( Figure 2C) .
The active-site cleft contains all of the invariant residues. Gly 17 , Gly 18 and Gly 19 lie within the NAD + -binding pocket, whereas the other seven invariant residues are predicted to interact with the precorrin-2 substrate. C-terminal helical domain and contributes to the active site from the alternate molecule of the homodimer. Differences in the relative positions of the domains found in SirC, Met8p and the N-terminal region of CysG are clear (Figure 4 ), but the significance of these differences in terms of catalytic mechanism is unclear. Curiously, the location of the invariant Arg 159 with respect to the active sites differs dramatically; it is clearly positioned within the active-site cleft of SirC (Figure 4) , whereas in the Met8p and CysG structures it is found 8-11 Å away from the active site. Sequence similarity is quite low in the C-terminal helical domain and Arg 159 is only identified as an invariant residue after using secondary structural alignments of the three proteins ( Figure 2C ).
Modelling of a precorrin-2 substrate and site-directed mutagenesis
We have built a plausible model of precorrin-2 bound to the active-site cleft between the β-nicotinamide moiety and the cluster of invariant residues (Figure 4) . The bond between C-14 and C-15 is oxidized during the dehydrogenase reaction with a concomitant loss of the proton from the C-ring pyrrole N-3. The modelled precorrin-2 substrate places the C-15 atom nearest to the β-nicotinamide, while pointing the A-and B-rings toward the SxxGxSP residue cluster (Figure 4) . In this position, the methylated A-and B-rings pack against conserved residues in the dimerization domain, and their acetate and propionate side chains extend further into the cleft, where they could form hydrogen bonds with the main-chain carbonyl oxygens and amide nitrogens of the invariant residues and the side chain of Ser 124 . Ser 124 is located on the back of the active site among a number of other conserved residues, opposite to the NAD + -binding pocket. The equivalent residues in Met8p and CysG are largely glycine residues and proline residues, and so it had originally been proposed that these residues would be involved in domain motions or substrate binding [15] . An S124A variant was found to have 33 % of the wild-type activity, supporting a role for Ser 124 in substrate binding and maximizing enzyme activity (Table 2 ). In our apoenzyme crystal structure, Ser 124 points away from the active site, although a minor conformational change upon substrate binding might induce it to face the active site.
A side chain extending from position 127 would protrude into the cleft, suggesting that invariant Gly 127 may have been selected not only to facilitate a turn in secondary structure, but also to permit tight interactions with the substrate. The hydroxy side chain of Ser 129 points away from the active site and forms a hydrogen bond with the amide nitrogen of Ile 132 . This linkage may support the tight turn between strand-8 and helix-5. The adjacent Pro 130 sits slightly above the B-ring of the tetrapyrrole-derived A phosphorylated serine residue was identified in the structure of CysG at position Ser 128 [22] . This residue is equivalent to Thr 125 in SirC and, intriguingly, SirC electron density that we interpret as a free sulfate group is adjacent to Thr 125 at the same position as the phospho-group in CysG. A regulatory role for CysG phosphorylation was proposed based on the observation that mutation of Ser 128 to alanine resulted in a variant that was fully active whereas mutation to aspartate was inhibitory [22] . The sulfate moiety found in the SirC structure is one of many sulfates modelled in the structure due to the high concentration of ammonium sulfate in the crystallization solution. There is no evidence for a covalent interaction as would be expected if the threonine residue was actually phosphorylated in our structure, and the hydrogen bond distance between a sulfate oxygen and the Thr 125 hydroxy group is 2.6 Å. The presence of the ion in both structures suggests a readiness of this pocket on the surface of the protein to accept negatively charged ions such as the precorrin-2 carboxylates, and further substantiates a role for this pocket in binding the substrate.
Characterization of other active-site residues
The Met8p active site includes Asp 141 , which has been proposed to function as a general base for catalysis [15] . Interestingly, SirC displays a serine residue (Ser 101 ) at the equivalent position, although there is a nearby aspartate residue (Asp 105 ) displaced by ∼ 6 Å from the corresponding Met8p site. These residues, and the intervening Ser 102 residue, whose density is poorly defined, were investigated by mutagenesis. Surprisingly, mutation of either serine to alanine resulted in a 1.4-(S101A) and 2.3-(S102A) fold increase in activity (Table 2) .
Guided by the Met8p structure and the importance of Met8p Asp 141 for metal chelation [15] , SirC Ser 101 was changed to aspartate to see whether this generated a protein that had chelatase activity. Although this variant did not display any metalinserting activity, the SirC S101D protein did show enhanced dehydrogenanse activity (Table 2) . Interestingly, mutation of Asp 105 to alanine also resulted in an increase in activity of SirC ( Table 2 ), demonstrating that this residue does not have an essential role in catalysis and that SirC Asp 105 is not equivalent to Met8p Asp 141 . These studies indicate that the SirC active site does not house a conserved nucleophile that is used to help promote the dehydrogenation, and we favour a model in which catalysis results from the proximity of the tetrapyrrole-derived substrate with bound NAD + . Surprisingly, many of the mutant variants had increased catalytic activity in comparison with wild-type SirC. In part, this may be due to the instability of the wild-type enzyme, which has a tendency to aggregate over time. It may be that the various mutations enhanced the stability of the enzyme, permitting a higher apparent activity. Without an accurate active-site titrant it is not possible to make further comment. It would have been useful to have characterized many of the mutants made in this study further, especially with respect to K m and k cat values. However, the difficulty of making the precorrin-2 substrate and performing the assays under strict anaerobic conditions precluded the generation of such data.
Metal-binding studies of Met8p and SirC from B. megaterium
It is a logical assumption to make that the chelatase activity of Met8p is likely to have evolved by acquisition of metal-binding ability within a protein such as SirC. With this in mind we thought that it may be possible to identify how the metal ion that is required for ferrochelation activity is bound in Met8p by comparing it with SirC. However, neither sequence alignments nor crystal soaks indicated a conserved metal-binding site in Met8p. We thus thought that it may be possible to identify a metal-binding site in Met8p by EPR and distinguish some of the ligands involved.
Met8p was subject to EPR spectroscopy in the presence of either Co(II) or Cu(II) because it is known to possess cobaltochelatase activity during anaerobic cobalamin biosynthesis [14] and because Cu(II) can often substitute for Co(II) and has a more readily interpretable EPR spectrum. Co(II) and Cu(II) EPR spectra are sensitive reporters of the ion environment because the spin and orbital energies of the ion's unpaired electrons are affected by the arrangement and nature of the atoms ligating the ion. SirC from B. megaterium was originally deployed as a negative control in these studies, but surprisingly it became apparent that SirC was also able to bind both Co(II) and Cu(II) in the same configuration as seen for Met8p.
The Cu(II) EPR spectra ( Figure 5 ) are clearly different in the presence (Figure 5a ) and the absence (Figure 5c ) of stoichiometric SirC. Cu(II) EPR spectra are axial in symmetry, having a large first-derivative g || feature to high field often overlapping four smaller g || features having absorption line shapes which arise from the hyperfine splitting (A || ) of the spectrum by the I = 3/2 Cu nuclear spin [32] . The single unpaired electron of the Cu(II) ion is located in the dz 2 orbital. Therefore the aforementioned hyperfine splitting and the g || value are indicative of the ligand arrangement around the Cu(II) ion. For Cu(II) bound to SirC these values are g || = 2.19 and A || = 194 G. However, the Cu(II) ions in the experiment with buffer alone, g || = 2.23 and A || = 180 G, are clearly distinguishable from the SirC-bound form. In the presence of Met8p, again at a 1:1 protein to metal ion stoichiometry, the Cu(II) spectrum (Figure 5b ) displays identical g || and A || values with those observed in the presence of SirC. These parameters can be interpreted based on the knowledge of the EPR parameters of Cu(II) complexes of known structure [33] . They suggest that the Cu(II)-binding site on SirC, and Met8p, consists of at least two nitrogen ligands, together with two oxygen ligands. The geometries of these ligating groups are identical in both SirC and Met8p.
Co(II) ions in the high-spin state have three unpaired electrons (S = 3/2) and consequently give rise to a broad signal at a high g value (g = 5.8) with unresolved hyperfine splitting [32] . This makes such spectra difficult to analyse, but small qualitative differences are evident in linewidth and g value on binding Co(II) to SirC ( Figure 6 ). This suggests that SirC is also able to bind to a metal ion that is a known substrate for Met8p, i.e. Co(II). An octahedral environment containing several strong ligands such as nitrogens would be expected to effect a spin-state change in the Co(II) ion, leading to pairing of some electrons and a large change in the spectrum (including a change in g value to below g = 3) [32] . Since Figure 6 shows no evidence of such a change, the CoII/CuIIbinding site on SirC is probably tetrahedral or tetragonal and includes no more than two nitrogens.
Both spectra illustrate that SirC binds metal ions with the same geometry and type of ligands as Met8p. It is not possible to establish which residues are responsible for metal binding using sequence and structural comparisons because there is insufficient sequence conservation and structural similarities. Thus, rather than Met8p being an enzyme that has acquired metal binding and chelation activity, it seems more likely that SirC is an enzyme that has lost its chelation activity.
In summary, we have solved the crystal structure of the B. megaterium precorrin-2 dehydrogenase (SirC) and shown that it has a very similar structure to that of Met8p and the Nterminal region of CysG. Mutagenesis studies have revealed that the enzyme does not appear to have a residue within the active site that acts as a general base during the catalytic cycle of the enzyme. Indeed, individually changing a number of residues generated enzymes that have significantly more activity than the wild-type enzyme. For biosynthetic enzymes involved in the synthesis of small quantities of natural products such as sirohaem and vitamin B 12 , there is no pressing reason for them to be highly active. Unexpectedly, SirC was found to bind metal ions such as Co(II) and Cu(II) in the same manner as Met8p, which is required to bind metal for its chelatase activity. This may reflect the evolutionary history of SirC as a bifunctional enzyme that has lost an earlier chelatase activity. The proposed loss of ferrochelation activity in SirC results in production of the sirohydrochlorin product, which can be acted upon by specific ferro-and cobalto-chelatases for transformation into either sirohaem or cobalamin.
